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ABSTRACT

Presently, respiratory syncytial virus (RSV), the main cause of severe respiratory infections in infants, cannot be treated effi-
ciently with antivirals. However, its RNA-dependent polymerase complex offers potential targets for RSV-specific drugs. This
includes the recognition of its template, the ribonucleoprotein complex (RNP), consisting of genomic RNA encapsidated by the
RSV nucleoprotein, N. This recognition proceeds via interaction between the phosphoprotein P, which is the main polymerase
cofactor, and N. The determinant role of the C terminus of P, and more particularly of the last residue, F241, in RNP binding and
viral RNA synthesis has been assessed previously. Here, we provide detailed structural insight into this crucial interaction for
RSV polymerase activity. We solved the crystallographic structures of complexes between the N-terminal domain of N (N-NTD)
and C-terminal peptides of P and characterized binding by biophysical approaches. Our results provide a rationale for the piv-
otal role of F241, which inserts into a well-defined N-NTD pocket. This primary binding site is completed by transient contacts
with upstream P residues outside the pocket. Based on the structural information of the N-NTD:P complex, we identified inhibi-
tors of this interaction, selected by in silico screening of small compounds, that efficiently bind to N and compete with P in vitro.
One of the compounds displayed inhibitory activity on RSV replication, thereby strengthening the relevance of N-NTD for struc-
ture-based design of RSV-specific antivirals.

IMPORTANCE

Respiratory syncytial virus (RSV) is a widespread pathogen that is a leading cause of acute lower respiratory infections in infants
worldwide. RSV cannot be treated efficiently with antivirals, and no vaccine is presently available, with the development of pedi-
atric vaccines being particularly challenging. Therefore, there is a need for new therapeutic strategies that specifically target RSV.
The interaction between the RSV phosphoprotein P and the ribonucleoprotein complex is critical for viral replication. In this
study, we identified the main structural determinants of this interaction, and we used them to screen potential inhibitors in
silico. We found a family of molecules that were efficient competitors of P in vitro and showed inhibitory activity on RSV replica-
tion in cellular assays. These compounds provide a basis for a pharmacophore model that must be improved but that holds
promises for the design of new RSV-specific antivirals.

Human respiratory syncytial virus (HRSV) is the main cause of
acute lower respiratory infections in infants worldwide (1).

No RSV vaccine is presently available, and the development of
pediatric vaccines is particularly challenging. Currently, antiviral
therapy is limited to palivizumab, a humanized mouse monoclo-
nal antibody that targets the RSV fusion protein and is licensed for
prophylactic use, and ribavirin, which has been used to treat se-
vere infections despite its toxicity, its teratogenicity, and the lim-
ited evidence of its antiviral effect (2). Thus, there is an obvious
and urgent need to develop new therapeutic strategies and effec-
tive antiviral drugs against RSV.

RSV is an enveloped, nonsegmented, negative-strand RNA vi-
rus that belongs to the subfamily Pneumovirinae, family
Paramyxoviridae, order Mononegavirales. Its genomic RNA is
tightly bound to the viral nucleoprotein (N) and maintained as a
left-handed helical N-RNA ribonucleoprotein complex (RNP)
(3). This RNP is the template for transcription and replication by
the RNA-dependent RNA polymerase (RdRp) complex, which
consists of the polymerase (L; large protein) and its main cofactor,
the phosphoprotein (P). Proteins N, P, and L are sufficient for

replication of the viral RNA (4, 5). Transcription requires an ad-
ditional processivity cofactor, M2-1 (4). Efficient and specific rec-
ognition of the RNP template by the RdRp is critical for viral RNA
synthesis. It is mediated by P, a multifunctional protein capable of
interacting with multiple partners: L (6), N (7), and M2-1 (8), but
also cellular proteins (9). P positions the RdRp complex on the
RNP and is likely involved in translocation along the RNP (10).
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P is a modular protein consisting of a central tetramerization
domain (11–13) flanked by two long regions predicted to be in-
trinsically disordered, termed the N-terminal domain and C-ter-
minal domain of P (P-NTD and P-CTD). We have shown previ-
ously that the nine C-terminal residues of P, and particularly the
C-terminal F241, are critical for RNP binding and viral RNA syn-
thesis (14, 15). There is currently no structural information at the
atomic level for P, but the X-ray structure of ring-shaped RNP
particles is known (16). The N protein has a modular organization
consisting of two globular domains, the N-NTD (amino acids [aa]
31 to 252) and N-CTD (aa 253 to 360), and two flexible arms at the
N and C termini (aa 1 to 30 and 362 to 391). Recently, we showed
by a rational approach using N deletions and site-directed mu-
tagenesis that a hydrophobic pocket within the N-NTD corre-
sponds to the P-CTD binding domain. We identified several ba-
sic and hydrophobic residues, either inside this pocket or
surface exposed, that are critical for the P/N interaction and
RNA synthesis (15).

By solving the X-ray structures of the N-NTD in complex with
C-terminal peptides of P here, we gained more detailed insight
into the N-NTD:P-CTD interaction and the specific roles of the
last C-terminal residues of P. These structures underline the piv-
otal role of the C-terminal residue, P-F241, which is deeply buried
in the previously identified N-NTD pocket (15) and acts as an
anchor for P. The interaction network between the N-NTD and
P-CTD is, furthermore, completed by well-defined electrostatic
interactions with P-D240 and less defined interactions outside the
pocket. Next, we were able to obtain X-ray structures of the N-
NTD in complex with small compounds selected by in silico
screening. These compounds, bearing a common 1-benzyl-1H-
pyrazole-3,5-dicarboxylate (BPdC) scaffold, displayed affinities
similar to that of the P-CTD and efficiently competed with the
P-CTD for N-NTD binding in vitro by displacing P-F241 from the
hydrophobic pocket. Moreover, the X-ray structures show that
the entrance of the N-NTD pocket can be remodeled by the halo-
gen atoms of BPdC compounds. Finally, a molecule derived from
the BPdC compound with the highest affinity for the N-NTD was
able to specifically inhibit RSV replication in cell assays.

MATERIALS AND METHODS
Protein expression and purification. Glutathione S-transferase (GST)-
PCT and poly-His fused N-NTD proteins were engineered and purified as
described previously (11, 14, 15). Protein fractions recovered from the
affinity purification step were pooled, concentrated, and further purified
by gel filtration using a Superdex75 HiLoad 16/60 column equilibrated in
50 mM Tris, pH 8, 50 mM NaCl. The C-terminal His tag was not removed
for N-NTD crystallization trials.

N-NTD samples with stable isotope labeling for nuclear magnetic res-
onance (NMR) measurements were produced by adapting protocols from
rich to minimum culture media. 15N-labeled N-NTD was produced in M9
medium supplemented with 1 g/liter 15NH4Cl (Eurisotop). 13C, 15N, 70%
2H-labeled N-NTD was prepared by starting from a 100-ml preculture in
LB medium, used to inoculate 1 liter of unlabeled M9. Cells were har-
vested at an optical density at 600 nm (OD600) of 0.6 and transferred into
100 ml of 2H13C15N-M9 medium prepared with 95% 2H2O (Eurisotop), 1
g/liter 15NH4Cl, and 3 g/liter [13C]glucose (Cortecnet). After 1 h at 37°C,
cells were harvested again by centrifugation and transferred into 900 ml
2H13C15N-M9 medium. After 1 h, induction was started at 28°C over-
night. Purification was carried out as for unlabeled N-NTD and followed
by a final dialysis against NMR buffer [20 mM MES (morpholineethane-
sulfonic acid), pH 6.5, 250 mM NaCl, 1.5 mM tris(2-carboxyethyl)phos-
phine (TCEP)].

P12 peptide synthesis. Peptide P12 (SEDNDSDNDLSLEDF-COOH)
containing the last 12 residues of P, NDSDNDLSLEDF, with three addi-
tional N-terminal residues, SED, was synthesized by solid-phase peptide
chemistry on an Fmoc (9-fluorenylmethoxy carbonyl)-Phe-SASRIN resin
with an Apex 396 Automated Multiple Peptide Synthesizer (Aapptec),
using Fmoc chemistry; deprotected by 25% piperidine/NMP; and cleaved
from the resin with trifluoroacetic acid (TFA)-triisopropylsilane (TIS)-
H2O (95:2.5:2.5) for 1 h 30 min. The product was analyzed by ultraper-
formance liquid chromatography (UPLC)-mass spectrometry (MS) (Wa-
ters Acquity Ultra Performance LC/Micromass Quattro micro API) on an
Acquity UPLC BEH C18 column (1.7 �l; 1.0 by 50 mm), and a molecular
mass of 1,714.63 g · mol�1 was determined.

Synthesis of M76-diAM. Diisopropylethyamine (i-Pr2NEt) (0.5 ml;
2.8 mmol) and bromomethyl acetate (171 mg; 110 �l; 1.12 mmol) were
sequentially added to a solution of 1-(2,4-dichloro-benzyl)-1H-pyrazole-
3,5-dicarboxylic acid (90 mg; 0.28 mmol) in dimethylformamide (DMF)
(2 ml). The reaction mixture was stirred at room temperature for 16 h and
concentrated under reduced pressure. The oily residue was taken up into
ethyl acetate (AcOEt) (20 ml) and washed with aqueous sodium bicar-
bonate (2 ml) and brine (2 ml). The organic phase was dried over MgSO4

and concentrated under reduced pressure to leave a yellow oil, which was
purified by chromatography over silica gel and eluting with AcOEt-cyclo-
hexane (2:1) to give the protected compound M76-diAM [1-(2,4-dichloro-
benzyl)-1H-pyrazole-3,5-dicarboxylic acid diacetoxymethyl ester] as a col-
orless oil (102 mg; 78%). Infrared (IR) (neat) wave numbers (�): 3,146,
3,000, 1,769, 1,765, 1,736, 1,591, 1,565, 1,530, 1,476, 1,443, 1,368, 1,259,
1,230, 1,213, 1,187, 1,171, 1,156, 1,087, 1,048, 1,024, 1,101, 985, 956, 861,
836, 811, 760, 739, 685 cm�1. 1H NMR (C6D6, 300 MHz) �: 7.46 (s, 1H),
7.01 (d, J � 2.1 Hz, 1H), 6.62 (dd, J � 8.4 Hz, J � 2.1 Hz, 1H), 6.28 (d,
J � 8.4 Hz, 1H), 5.77 (s, 2H), 5.50 (s, 2H), 5.48 (s, 2H), 1.48 (s, 6H). 13C
NMR (C6D6, 300 MHz) �: 168.9 (CO), 168.6 (CO), 159.8 (CO), 157.3
(CO), 142 (C), 134.4 (C), 133.6 (C), 133.2 (C), 132.8 (C), 129.6 (CH),
129.0 (CH), 127.5 (CH), 115.8 (CH), 79.5 (CH2), 79.4 (CH2), 53.3 (CH2),
20.0 (CH3), 19.9 (CH3).

Crystallization and diffraction data collection. The N-NTD was con-
centrated to 8 mg · ml�1 in 20 mM Tris-HCl, pH 7.5, 50 mM NaCl. A
nanoscale robot crystallization screen was performed in 96-well sitting-
drop plates at 18°C. After optimization, diffraction quality crystals were
grown by hanging drop in 25% polyethylene glycol 4000 (PEG 4000) or
28% PEG 5000MME with 100 mM HEPES, pH 7.5, buffer and 200 mM
ammonium sulfate; transferred in a solution containing 30% PEG 4000 or
PEG 5000MME supplemented with 5% glycerol and 5% PEG 400; and
flash-frozen under liquid nitrogen.

P3, P5, P7, and P13 peptides, corresponding to the last 3, 5, 7, and 13
C-terminal residues of the P sequence, respectively, were purchased from
Covalab and phenylalanine (P1) and Asp-Phe (P2) from Sigma-Aldrich;
they were solubilized at 10 mg/ml in crystallization buffer. M61 was pur-
chased from Aldrich, and M72, M68, M81, and M76 were purchased from
Chembridge. Each compound was solubilized at 10 mg/ml in crystalliza-
tion buffer with 60% ethanol. The N-NTD and peptide or inhibitor solu-
tions were mixed at a ratio of 3:1 and crystallized as the isolated N-NTD,
with slight adjustment of precipitant concentrations for each complex.

Structure determination. X-ray diffraction data were collected at the
beamline PX06-SA at the Swiss Light Source (SLS), Proxima-1 at Soleil,
and ID14-4 at the European Synchrotron Radiation Facility (ESRF). Data
were processed using the XDS package (17) and scaled with SCALA (18).
Structures were solved by molecular replacement with PHASER (19) us-
ing Protein Data Bank (PDB) entry 2WJ8. Subsequently, careful model
building was carried out with COOT (20) alternated with crystallographic
refinement with the program BUSTER/TNT (21), which included non-
crystallographic symmetry (NCS) restraints and translation, libration,
screw rotation (TLS) refinement. Stereochemical restraint dictionaries for
BPdC derivatives were generated with the Grade Web server (http://grade
.globalphasing.org). In addition, target restraints using the M76 molecu-
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lar model were used for refinement of the P3, P7, M81, and M72 models.
Data collection and refinement statistics are summarized in Table 1.

Drug design. The X-ray structure of N-NTD complexed with P2 was
used as a starting configuration. The missing three-dimensional (3D) co-
ordinates were added using the SWISS-MODEL package. Using the rela-
tive positions of the phenylalanine of P2 and the sulfate ion found in the
N-NTD:P2 complex, a docking volume was defined using AutoDock Vina
(22). By virtual screening of the ZINC database (23), compounds were
selected on the basis of the following requirements: (i) fit in the defined
volume; (ii) possess an aromatic moiety, like F241; (iii) target R150 of the
N-NTD by mimicking the carboxylate of F241; (iv) target R132 of the
N-NTD by replacing the interactions of the residue with the sulfate ion.
The initial screening identified 1,500 compounds, further reduced to 300
by elimination of those with molecular masses higher than 350 Da and
those with demonstrated toxicity. The compounds were then ordered
based on favorable van der Waals interaction energies between the ligand
and N-NTD. The best 100 compounds were energy minimized and or-
dered with a free-energy scoring function. Atoms of the N-NTD located
within 8 Å from the ligand were left to adopt a relaxed conformation,
while the atoms of the rest of the protein were harmonically restrained in
their initial positions.

NMR spectroscopy. Backbone assignment of the N-NTD was based
on the acquisition at 293 K of standard triple-resonance NMR experi-
ments [HNCO, HNCA, HN(CO)CA, HN(CO)CBCA, and HNCACB] on
a 600-MHz Bruker Avance III spectrometer equipped with a cryogenic
TCI probe, using 80 �M 13C,15N, 70%-2H-labeled N-NTD in 20 mM
MES, pH 6.5, 250 mM NaCl, 1.5 mM TCEP. Samples contained 7% 2H2O
to lock the spectrometer frequency. Spectra were processed with Topspin
3.1 and NmrPipe (24). Analysis of NMR experiments was performed in
CCPNMR (25). Ninety-one percent nonproline 1H and 15N amide, 91%
13C=, 96% 13C�, and 94% 13C� chemical shifts were assigned. Assign-
ments for the innermost �N3 helix (residues I160 to V167) are missing
due to inefficient back-protonation.

Titration experiments were carried out by recording 1H-15N hetero-
nuclear single-quantum correlation (HSQC) spectra of 50 �M 15N-la-
beled N-NTD on 700- or 800-MHz Bruker Avance III spectrometers,
equipped with TXI and TCI cryoprobes, respectively. P12 (SEDNDSDN
DLSLEDF) and P2 peptides were aliquoted, lyophilized, and dissolved
step by step into N-NTD solution with molar ratios up to 16:1 and 500:1,
respectively. M61, M68, M72, M76, and M81 were added from concen-
trated stock solutions (5, 10, or 25 mM in ethanol) with molar ratios up to
20. Dissociation constants (Kds) were determined for each perturbed res-
idue by assuming a two-site fast-exchange model with a 1:1 stoichiometry
and by fitting 1H and 15N chemical shift differences with Origin 7 (Origin-
Lab), according to equation 1.

� � �free � � � ��bound � �free� � B � �A �r � ��A � r�2 � 4r�
(1)

where �bound and �free are the chemical shifts of ligand-bound and free
N-NNTD, respectively; � is a factor of proportionality; [N-NTD]tot is the
total concentration of N-NTD; r is the molar ratio (ligand)/[N-NTD]tot;
B � 1/2 (�bound � �free), and A is defined by Kd � (A � 1) 	 [N-NTD]tot.

Correction for the contribution of ethanol during titration with
BPdCs was carried out by using a spectrum of N-NTD with 5 �l ethanol
and by assuming a linear relationship between these perturbations and the
added volumes of ligand solutions.

Combined 1H and 15N amide chemical shift perturbations (CSPs)
were calculated using both 1H and 15N chemical differences according to
equation 2:

��1H15N � ���1H � �1H
free�2 � ��15N � �1H

free�2 ⁄ 100 (2)

SPR. Assays were carried out at 25°C in 20 mM Tris-HCl, pH 8, 150
mM NaCl. A goat anti-GST antibody (Biacore GST Capture kit) was co-
valently coupled to a CM5 sensor chip, using a Biacore 2000 instrument
and the Amine Coupling kit (GE Healthcare), reaching an immobilization
density of 
10,000 resonance units (RU) (1 RU � 1 pg · mm�2). This

surface was used to capture GST-P�161N (P residues 161 to 241) to a
density of 1,200 to 1,300 RU or GST (800 RU) as a control. N-NTD (20
�M), alone or mixed and equilibrated for over 2 h with the five BPdC
compounds (concentration range, 5 to 750 �M), was then injected over
the GST-P�161N and GST surfaces for 1 min at a flow rate of 50 ml ·
min�1. After each injection, the interaction buffer was allowed to flow on
the surface until all the N-NTD molecules dissociated, taking advantage of
the very transient N-NTD:P-CTD interaction. At the end of the series, the
surfaces were regenerated with a 2-min 10 mM glycine-HCl (pH 1.5) wash
and two 1-min washes with 0.05% SDS and 20 mM NaOH. The real-time
interaction profiles were double referenced using Scrubber 2.0 software
(BioLogic Software), that is, the signals both from the reference surface
(with GST captured on the anti-GST antibody) and from blank experi-
ments using the compounds alone were subtracted. The steady-state sur-
face plasmon resonance (SPR) responses (Req) were plotted against the
compound concentration C and fitted using the BIAevaluation 4.1 soft-
ware (GE Healthcare), according to equation 3, to determine the inhibi-
tion constants (Ki) for each compound:

�Req

R0
� � �N-NTD� � � [N-NTD] � c � Ki

2 �
�	� [N-NTD] � c � Ki

2 �2

� [N-NTD] � C (3)

where the concentration of N-NTD is 20 �M and R0 is the steady-state
SPR response for N-NTD alone, allowing us to determine the inhibition
constant, Ki, for each compound.

Isothermal titration calorimetry (ITC). Experiments were per-
formed using the high-precision VP-ITC system (MicroCal; GE Health-
care). All molecules were dissolved in 20 mM Tris-HCl, pH 8, 150 mM
NaCl, 5% ethanol. Binding enthalpies were measured by injecting M76 or
M61 solution at 1.5 mM into a calorimetric cell containing 30 �M N-
NTD. Titrations were performed at 18°C with 7-�l injections of M76 or
M61 every 350 s. Heat signals were corrected for the dilution heats and
normalized to the amount of compound injected. Binding stoichiome-
tries, enthalpy values, and equilibrium dissociation constants were deter-
mined by fitting the corrected data to a standard 1:1 interaction model,
allowing for a set of independent and equivalent binding sites, using the
Origin7 software (OriginLab) provided by the manufacturer.

rHRSV-mCherry inhibition assay. The inhibition of RSV replication
was measured in cell cultures using an assay based on a human RSV
reverse-genetics system in which the red fluorescent protein mCherry was
inserted into the RSV genome, recombinant HRSV-Cherry (rHRSV-
mCherry), as described previously (26). HEp-2 cells (ATCC number
CCL-23) or BHK-21 cells maintained in Eagle’s minimum essential me-
dium (EMEM) or Dulbecco modified essential medium (DMEM), re-
spectively, were seeded at 5 	 104 cells per well in 96-well plates the day
before and infected for 2 h with 500 PFU of rHRSV-mCherry or 1 h with
50 PFU of vesicular stomatitis virus (VSV)-green fluorescent protein
(GFP) (27). The medium was then replaced by medium without phenol
red containing dilutions of M76-diAM (stock solution at 70 mM in di-
methyl sulfoxide [DMSO]) from 333 �M to 1.37 �M. The experiment
was repeated thrice, and each dilution point was made in triplicate.
DMSO dilutions in the same range were used as controls. The plates were
incubated for 48 h at 37°C, and mCherry fluorescence measurement was
performed using a Tecan infinite M200Pro spectrofluorometer with exci-
tation and emission wavelengths of 580 and 620 nm, respectively. Cell
survival was quantified using the CellTiter-Glo Luminescent cell viability
assay (Promega). Noninfected and nontreated infected HEp-2 cells were
used for fluorescence and toxicity standardization and normalization, re-
spectively. The 50% inhibitory concentration (IC50) and the 50% cyto-
toxic concentration (CC50) were determined by fitting the data to the
dose-response curve implemented in Origin version 8.5 software.

Illustrations. The figures were prepared using Pymol (http://pymol
.sourceforge.net) with APBS (28) and PDB2PQR tools (29).
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Accession numbers. Structure factors and coordinates have been de-
posited in the Protein Data Bank under accession codes 4UC6 and 4UC7
for the Nat1 and Nat2 structures of the N-NTD; 4UC8, 4UC9, 4UCA, and
4UCB for the N-NTD in complex with P1, P2, P3, and P7 P-CTD pep-
tides; and 4UCC, 4UCD, and 4UCE for the N-NTD in complex with M76,
M81, and M72 compounds, respectively. Backbone chemical shift assign-
ments for the N-NTD have been deposited in the BioMagResBank (http:
//www.bmrb.wisc.edu) under accession number 25705.

RESULTS
A reduced RSV N model for interaction studies. We recently
showed that the N-NTD, the minimal domain of interaction with
the P-CTD, is monomeric and mainly alpha-helical (15), consis-
tent with the crystal structure of the N-RNA rings determined
previously (16). Two N-NTD crystal forms diffracted to 2.1- and
2.4-Å X-ray resolution, respectively, with two molecules in the
asymmetric unit of each of them (Table 1). The structure of the
isolated globular domain is essentially identical to that observed
within the RNP complex (3, 16) (Fig. 1). Variations are restricted
to surface loops, notably the �N7-�N8 loop containing R234,
involved in key interactions for lateral N-N contacts in the RNP
(3), and the �N3-�N4 loop that closes the RNA groove (16).
Other structural variations are observed in protruding regions, the
�-hairpin, and the �I2-�1 loop (Fig. 1), which also display high
flexibility in the RNP model, as revealed by the high temperature
factors of the atoms in this region. Overall, these data show that N
polymerization and RNA binding required for RNP assembly do
not involve important rearrangements of the N-NTD, other than
adaptation of specific loops, indicating that the isolated N-NTD is
a good and sufficient model for studying the interactions between
the P-CTD and RNP.

Structure of N-NTD:P-CTD complexes. We also found pre-
viously that the nine C-terminal residues of P were necessary and
sufficient for the interaction with the N-NTD (14) and that the
C-terminal F241 was essential for viral RNA synthesis in vitro (15).
Here, we used peptides containing up to 13 residues, starting from
the C-terminal P-F241, for cocrystallization. We obtained crystals
with P7, P3, P2 (Asp-Phe dipeptide), and P1 (phenylalanine)

(Table 1). P2 and P1 crystals diffracted to 2.2- and 1.9-Å X-ray
resolution, respectively. Both P2 and P1 had clear electron density
in the corresponding crystal (Fig. 1B and C). P7 and P3 crystals
diffracted to 2.8- and 3.2-Å X-ray resolution, respectively, but the
electron density was clear only for F241, with all other residues
being disordered (data not shown). Binding of P peptides did not
involve structural rearrangement of the N-NTD (Fig. 1).

In all complexes, P-F241 is deeply buried in a hydrophobic
pocket of the N-NTD located between helices �I2 (residues S131,
R132, and Y135) and �N1 (residues M50 and I53) and the H151
loop (Fig. 2). These three regions perfectly correlate with the res-
idues previously found to be critical for RSV polymerase activity in
vitro (15). P-F241 is engaged in a dense interaction network, sug-
gesting that it is key for recognition of the N-NTD by the P-CTD.
The aromatic moiety of P-F241 fits tightly into the pocket (Fig. 2A
and B), and its position is the same in both P1 and P2 complexes
(Fig. 2C). One side of the aromatic ring makes a �-� stacking
interaction with the imidazole ring of H151. The H151 loop itself
is locked by a salt bridge between R150 and D152. The other side of
the ring stacks against the aliphatic part of the R132 side chain,
while the R132 guanidinium forms a salt bridge with E128, one
turn upstream on �I2. This double stacking results in clamping
together helix �I2 and the H151 loop (Fig. 2D). In the P2 complex,
a network of salt bridges and hydrogen bonds involving K46,
R150, H151, and Y135 stabilizes the negative charge of the C-ter-
minal carboxylate, the charged side chain, and the backbone car-
bonyl of P-D240 (Fig. 2B), even though P-D240 displays some
conformational variability (data not shown). In the P1 complex,
the negative charge of the C-terminal carboxylate is stabilized by
R150, H151, and Y135 (Fig. 2A). Finally, a sulfate molecule from
the crystallization solution makes a bridge between the N termi-
nus of P2, the P-F241 amide group, and the R132 side chain.

Analysis of P peptide binding to the N-NTD by NMR. P-CTD
binding to the N-NTD in solution was assessed by NMR by using
P12, a P-CTD peptide containing the last 12 residues of P. CSPs in
1H-15N HSQC spectra were observed when titrating 15N-labeled
N-NTD with P12 (Fig. 3A and B). The C terminus of helix �N1,

FIG 1 X-ray structures of N-NTD and P-CTD binding sites. (A) Superposition of isolated N-NTDs in a free form (pale and bright orange, chains A and B for
both crystal forms) or in complex with a P C-terminal peptide, P2 (light gray), and N-NTD in the RSV RNP context (black; PDB 2WJ8) in cartoon representation.
Secondary structures are labeled according to reference 16. The P C-terminal peptide P2 is shown in stick representation colored by atom type, with carbons in
white. (B to E) Final 2Fo-Fc electron density map for P1 (B), P2 (C), M76 (D), and M72 (E) at 2.0-, 2.4-, 2.1-, and 2.9-Å X-ray resolutions, respectively. The maps
are drawn in blue mesh contoured at 1.0 sigma, with the ligand displayed as sticks.
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the center of �I2, and the H151 loop display the largest CSPs,
which delineate a common contiguous region (Fig. 4) that
matches well with the P-CTD binding site described above (Fig.
2). The �I2-�1 loop and the �-hairpin, two regions proximal to

the binding pocket, display smaller CSPs. Since chemical shifts are
sensitive both to direct binding and to local geometry changes,
these CSPs could be induced by small structural rearrangements
mediated via intramolecular contacts with the P-F241 binding

FIG 2 Details of the P-CTD binding pocket and interaction network with the N-NTD. (A and B) Enlarged views of the binding of phenylalanine (P1) (A) and Asp-Phe
(P2) (B), corresponding to the P C terminus. The N-NTD is in tan and shown in cartoon representation, with secondary structures labeled. Residues involved in binding
through electrostatic (dashed lines) or van der Waals interactions are shown in stick representation and colored by atom type, with carbons in tan. P1 and P2 are in stick
representation, with the same color scheme as in Fig. 1. (C) Superposition of P2 and P1 conformations. Atoms with conserved polar contacts are indicated by asterisks,
notably, two oxygen atoms (red asterisks). (D) Details of the double stacking interaction between the aromatic ring of P2 and the side chains of H151 and R132, with
electrostatic interactions between P2 and the N-NTD indicated by black dashed lines. The normal axis to the P-F24 ring plane is indicated by the violet dotted line.

FIG 3 NMR interaction experiments using 1H-15N HSQC spectra of the N-NTD. (A) 1H-15N HSQC spectrum at 800 MHz 1H frequency of 50 �M 15N-labeled
N-terminal domain of RSV nucleoprotein at 293 K. Peak assignments are indicated according to the numbering in the native sequence. Unassigned amide or side
chain peaks are indicated by asterisks. The inset (top left) shows detailed assignment of the central region of the spectrum (boxed area). Asn and Gln NH2 side
chain resonances are connected by horizontal lines. (B) Enlarged views of superimposed 1H-15N HSQC spectra obtained by titrating either RSV-P12 peptide
(top) or M76 (bottom) into 15N N-NTD. Chemical shift perturbations of large amplitude are indicated by arrows. Molar ligand/protein ratios and color codes
are indicated on the right of each spectrum.
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site. However, the two regions could also belong to an extended
contact surface scanned by the peptide at the entry of the pocket
and involving P residues upstream of D240. Assuming an ex-
tended conformation, the distance between the hydrophobic
pocket and these regions suggests that at least D239 and L238
define this secondary binding site, in agreement with previous
data showing that mutation of the 2 residues had an impact on
the level of N binding and RNA synthesis (14, 15).

The linear evolution of N-NTD chemical shifts during titration
(Fig. 3B) indicates a fast chemical exchange between the free and
bound forms of P12. Accordingly, we determined a mean dissoci-
ation constant of 54 � 9 �M. This weak affinity is consistent with
recent work by Shapiro et al. (30). Whether P-F241 and P-D240
are sufficient for binding was tested with the P2 peptide, also used
for X-ray crystallography, as described above. It also bound to the
pocket, but with an affinity of 4.2 � 1.0 mM, confirming that
residues upstream of F241 and D240 contribute to binding inter-
actions.

In silico screening of small compounds targeting the P-bind-
ing pocket of the N-NTD. Based on the structure of the
N-NTD:P2 complex, we screened the ZINC database (23) for
compounds with an aromatic ring, which could mimic P-F241
and bind to the hydrophobic pocket, a second functional group
mimicking the C-terminal carboxylate of P-F241, and a third one
mimicking the bridging sulfate ion to build electrostatic interac-
tions with R150 and R132. Virtual screening with AutoDock gen-
erated a set of 300 compounds, restricted to an upper molecular
mass of 350 Da. These compounds were ranked based on the in-
teraction energy between the ligand and N. Among the top 50
compounds, based on initial screens by NMR and crystallography,
we selected five compounds that form a chemical series with a
common BPdC scaffold and a variable pattern of ortho and para
halogen substitutions on the benzene ring (Table 2), for further
experimental studies.

Binding properties of BPdC compounds. We investigated
the binding potentials of the five BPdC compounds selected by
in silico screening by NMR. BPdCs induced CSPs and affected
the same regions as the P12 peptide, indicating that they target
the P-binding site (Fig. 3B and 4). Chemical exchange between
free and bound species was also fast, and dissociation constants
between 20 and 680 �M were determined. The compounds
were ranked by affinity as follows: M72 � M61 � M68 �
M81 � M76 (Table 2). Since the five BPdCs differ only by
substitutions on the benzyl moiety, the difference of more than
1 order of magnitude between M72 and M76 indicates that
halogens on the benzene ring can significantly modulate BPdC
binding to the N-NTD. In particular, the ortho Cl atoms in M81
and M76, as well as the para Cl in M76, seem to induce tighter
binding.

In parallel, we investigated the N-NTD binding of the most
substituted M76 and unsubstituted M61 by ITC. Titration exper-
iments yielded a stoichiometry of 0.99 in both cases and Kds of 48

and 510 �M for M76 and M61, respectively (Table 2), consistent
with the NMR data. Thermodynamic parameters derived from
the ITC isotherms show that binding of both M76 and M61 to the
N-NTD is driven by favorable enthalpy (�H � �11.0 � 3.6
and �6.42 � 2.42 kcal · mol�1 for M76 and M61, respectively),
which could be associated with favorable electrostatic and van der
Waals interactions. This is partly counterbalanced by unfavorable
entropic contributions (�T�S � 5.4 � 3.8 and 2.2 � 1.8 kcal ·
mol�1 for M76 and M61, respectively), which may reflect the high
flexibility of the compounds, resulting in an entropic penalty.

Structure of N-NTD:BPdC complexes. We obtained N-NTD
crystals in complex with the compounds with the highest and
lowest affinities, M76, M81, and M72, which diffracted to 2.0-,
2.7-, and 2.9-Å X-ray resolutions, respectively (Table 1). The com-
pounds were clearly visible in electron density maps (Fig. 1D and
E). Similarly to P-CTD peptides, BPdC binding did not induce any
large structural rearrangement of the N-NTD. The structures con-
firm that the benzyl moiety of BPdCs fits into the hydrophobic
pocket of the N-NTD (Fig. 5A and B). Overall BPdCs interact with
the same residues of the N-NTD as P peptides, but the three X-ray
structures reveal subtle side chain rearrangements that stabilize
N-NTD complexes under certain conditions.

The benzyl moiety of M76/M81 inside the pocket is slightly
shifted compared to P-F241: the para Cl atom takes the place of
the most deeply buried benzyl C atom of P-F241 in P2 (Fig. 5A,
inset). This results in a double �-� stacking interaction with H151
and R132, respectively (Fig. 5C). It is reminiscent of that in the P
complexes, but the positions of the R132 guanidinium and H151
indole groups relative to the normal axis of the benzyl plane (Fig.
2D and 5C) provide a more favorable interaction than in the P
complexes, as described previously (31, 32).

Distance and angle requirements for Cl atoms in M76 and M81
to be halogen bond acceptors are fulfilled (33) (Table 3). The
carbonyl group of S131 makes a halogen bond with the ortho Cl in
M76/M81 at the bottom of the binding pocket (Fig. 5C and D and
Table 3). This interaction is completed by two H bonds between
the same ortho Cl atom and the S131 hydroxyl and R132 amide
groups (Fig. 5C and D and Table 3). The second para Cl atom in
M76 makes two halogen bonds, one with the E128 carboxylate and
another with a water molecule (Fig. 5C and D and Table 3). The
last atoms also establish a complex network of H bonds, ultimately
connecting the �-hairpin via E112 main-chain atoms (Fig. 5D).
Moreover, synergy between ortho and para Cl atoms takes place
for M76, reflected in the higher affinity of M76 than of M81. The
final 2Fo-Fc electron density map shows a strong peak at 2

around the ortho Cl but no density around the para Cl (Fig. 5D),
whereas a positive residual density is observed at 3
 in the Fo-Fc

map on the para Cl substituent.
The F atom in M72 also forms a halogen bond with the S131

carbonyl (Table 3). It induces an alternative conformation of the
M72 benzyl with a para F in place of the ortho Cl in M76/M81 and,
in turn, a 90° rotation of the pyrazole moiety (Fig. 5B). In the case

FIG 4 (Left) Mapping of chemical shift perturbations induced by P peptide and BPdC ligands. CSP profiles were extracted from 1H-15N HSQC spectra of
15N-labeled N-NTD, with the P12 peptide and BPdC ligands at the titration midpoint, where CSPs were half of those at saturation. The bar graphs represent
combined CSPs containing both 1H and 15N contributions (��1H15N). Mean values (long dashes) and means plus 1 standard deviation (short dashes) are plotted
for each ligand. (Right) CSPs were mapped onto the 3D structure of the N-NTD. Amide nitrogen atoms of residues with large CSPs are represented as spheres,
with a color code reflecting the contributions of 1H and 15N chemical shifts: gray, ��1H � 0.06 ppm; dark green, ��15N � 0.3 ppm; light green, ��15N � 0.2 ppm;
red; ��1H15N � 0.09 ppm; and orange, ��1H15N � 0.06 ppm. The regions where most CSPs are observed are labeled on the diagrams and on the structure: the
C terminus of helix �N1 in blue, the center of helix �I2 in magenta, the �I2-�1 loop in cyan, the H151-loop in yellow, and the �-hairpin in green.
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of M76/M81, the pyrazole makes a �-� stacking interaction with
Y135 (Fig. 5A), which is not the case for M72 (Fig. 5B). This
strongly impacts the formation of salt bridges by the BPdC car-
boxylate groups on the pyrazole cycle. One carboxylate of M76/
M81 (Fig. 5C) occupies the position of the sulfate present in the P
complexes (Fig. 2D), which is left unoccupied by M72 (Fig. 5B).
The second M76/M81 carboxylate forms a salt bridge with R150,
thereby bridging the ligand over the hydrophobic pocket. In the
case of M72, both carboxylates interact with R150, and the inter-
action with helix �I2 is lost.

In summary, an optimal charge and shape complementarity is
achieved for M76 with a para and ortho Cl combination, com-
pared to M72 (Fig. 6), accounting for the higher affinity of M76 for
the N-NTD. In addition, examination of the bottom of the bind-
ing pocket in apo and complexed forms reveals the presence of an
internal cavity in the N-NTD large enough to accommodate sev-
eral water molecules and flanked by conserved residues (Fig. 6). In
all BPdC complexes, this highly organized water network is linked
to the ligand binding site via E112, E128, and sometimes R132 and
may contribute to ligand stabilization.

Inhibition of P-CTD binding to the N-NTD by BPdCs. Since
BPdC compounds bind to the same site as the P-CTD in the N-
NTD, we investigated the inhibition of P-CTD binding to the
N-NTD by BPdCs using surface plasmon resonance. Since SPR
signals are proportional to the molecular weight of the analytes,
we resorted to indirect competition due to the small size of BPdCs
(Fig. 7). The P�161N peptide (residues 161 to 241) was immobi-
lized via a GST tag, and serial dilutions of the N-NTD were in-
jected. The interaction between the two domains was transient,
with a high dissociation rate (koff � 1 s�1) and a Kd of 30 �M.
Subsequent competition experiments with all five BPdC com-
pounds showed that their inhibitory potentials followed the same
trend as affinity: M72 � M61 � M68 � M81 � M76 (Table 1).
M76 and M81 best inhibited the N-NTD:P�161N interaction,
with inhibition constants, Ki, of 155 and 247 �M, respectively,
underlining the role of ortho and para Cl substituents in N-NTD
binding. Unsubstituted M61 and compounds with an alternative
para F (M72) or Br (M68) appeared to be less potent, with Ki

values of 893, 1,660, and 610 �M, respectively, illustrating the
influence of the nature of the halogen on BPdC binding to the
N-NTD.

Antiviral activities of BPdCs. To assess the relevance of the
results obtained in vitro with BPdCs, we used a recombinant
virus, rHRSV-mCherry (26), to monitor RSV multiplication by
following the expression of the red fluorescent mCherry pro-
tein in cell cultures. Preliminary experiments with the highest-
affinity compound, M76, did not show significant inhibitory
activity. Since the two negatively charged carboxylates in M76
might hinder membrane passage, we designed the pH-sensitive
prodrug M76-diAM by attaching acylal groups on both car-
boxylates of M76. This electrically neutral molecule can be in-
ternalized by the cell, and the carboxylates are regenerated by
hydrolysis in the cytosol (34). The replication rate of rHRSV-
mCherry in Hep-2 cells in the presence of M76-diAM clearly
decreased in a dose-dependent manner (Fig. 8A), with an IC50

of 122 � 7 �M. The toxicity was characterized with a rather
high CC50 of 226 � 7 �M, which could be expected, since
hydrolysis of acetoxymethyl esters releases formaldehyde. Al-
ternative pH-sensitive protective groups that do not produce
toxic metabolites should address this issue.
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To test the specificity of M76-diAM for RSV, BHK-21 cells
were infected with either rHRSV-mCherry or VSV (a rhabdovirus
belonging to the same order, Mononegavirales) expressing GFP
and treated as previously with M76-diAM. With 111 �M M76-
diAM, RSV replication was reduced by 80%, while no effect was
observed for VSV (Fig. 8B).

DISCUSSION
Specificity of RNP:P recognition in RSV. Transcription and rep-
lication in the Mononegavirales is carried out by a unique RNA-
dependent RNA polymerase complex. Although a common
scheme for RNA synthesis is recognized, in which the catalytic
unit L is delivered to the RNP by the viral phosphoprotein, it
appears that the precise molecular mechanisms have largely di-
verged. Our data add a new piece of evidence to the diversity of
recognition mechanisms of the RNP by P among the Mononega-

virales. Since N proteins display an overall conserved fold consist-
ing of two domains closing similar RNA binding grooves and flex-
ible arms that lock lateral N-N interactions in the RNP (35–39),
the variety found in RNP:P complexes essentially stems from the
different structures of phosphoproteins recognizing alternative
regions of their specific N partners. In the case of VSV, represen-
tative of the family Rhabdoviridae, the RNP:P complex is formed
between a well-defined �-helical P-CTD and N-CTD (40). In the
Paramyxovirinae, a 20-residue region of the large disordered C-
terminal tail of N folds into a helix upon binding to a three-helix
bundle at the C terminus of P, denoted P-XD, as exemplified by
measles (41) and Hendra (42) viruses.

RSV, belonging to the subfamily Pneumovirinae and to the
same family, Paramyxoviridae, as the Paramyxovininae, has devel-
oped an alternative strategy for RNP:P recognition. We have
shown previously that the RSV P-CTD, but not the P-NTD, binds

FIG 5 X-ray structures of N-NTD:BPdC complexes. (A and B) Enlarged view of the binding of M76 (A) and M72 (B) in the N-NTD pocket. The N-NTD
is displayed as in Fig. 1, with M76 and M72 in stick representation colored by atom type, with magenta and yellow carbons, respectively. Stabilizing
electrostatic interactions are displayed as black dashed lines. The insets show superposition of M76 and P2, and a black star marks the most deeply buried
atom of both ligands in the binding pocket (A) and superposition of M76 and M72 interacting with S131 through a halogen bond (yellow dashed line) and
an H bond (black dashed line) (B). (A, C, and D) The green arrow indicates the water molecule in head-on interaction with the para Cl. (C) Details of the
double stacking interaction involving the H151 imidazole, the benzene ring of M76, and the R132 side chain. H bonds and halogen bonds are plotted as
in panels A and B. The normal axis to the benzene ring plane of M76 running through H151 NE2 and R132 NE is shown as a violet dotted line. (D)
Electrostatic interactions of the two halogen substituents in M76, with H bonds and halogen bonds displayed as in panels A and B. The final 2Fo-Fc (blue)
and Fo-Fc (red) electron density maps are displayed around M76 at 2
 and 3
, respectively. Additional intraprotein H bonds stabilizing N-NTD
secondary-structure elements and involved in M76 binding or involving direct contacts between solvent molecules and M76 are displayed in light blue.
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to nucleocapsid-like particles (NLPs) (14) and that the P-CTD
binding region is located in the N-NTD (15), indicating that the
RSV N-NTD:P-CTD interaction is relevant for the RSV RNP:P
complex. Here, we show how the very last C-terminal residue of RSV
P, F241, participates in recognition of N, and more particularly of the
RNP, by inserting into a hydrophobic binding pocket with a pre-
defined fold in the N-NTD. Only this residue of P is fully immobilized
in N-NTD complexes with P peptides, and mutation of this residue to
alanine completely abrogates RSV minigenome activity (15). Re-
placement by another aromatic amino acid could possibly maintain
the function of P, as suggested by the ability of the P-F241W mutant
to bind to N (14). In contrast, the penultimate P-D240 is less ordered
than P-F241 in the N-NTD complex (data not shown), which can be
correlated with the previous observation that the P-D240A mutation
did not significantly affect minigenome activity (15).

Roles of residues upstream of F241 in the N-NTD:P-CTD in-
teraction. While the N/P interaction relies heavily on P-F241, crit-
ical for viral RNA synthesis (15), the residue is not sufficient for
binding the P-CTD to the N-NTD. The affinity of the P2 Asp-Phe
peptide is lower than that of P12 or the P-CTD by 2 orders of
magnitude at moderate ionic strength. Similar observations were
made by Shapiro et al. at low ionic strength (30). Residues up-

stream of P-FD240 thus play a role in the P-CTD:N-NTD inter-
action. The P-CTD is predicted to be intrinsically disordered,
and it was shown that such regions may remain disordered
upon complex formation (43). This seems to be the case for the
N-NTD:P-CTD complex, as shown by the N-NTD:P7 struc-
ture, where only P7-F241 is well defined. Multiple transient
contacts between the P-CTD and N-NTD would result in an
extended interaction surface and could explain why long-range
chemical shift perturbations of the N-NTD can be observed on
opposite sides of the P-F241 binding pocket (Fig. 4). The driv-
ing force for formation of a fuzzy complex outside this pocket
is likely provided by a network of electrostatic interactions,
which were evidenced in the X-ray structures of P1 and P2
complexes and which could be reinforced by phosphorylation
of this region (30). It extends at least to P-L238, as suggested by
the observation that the polymerase activity of P-E239A/
D240A and P-L238A mutants is reduced by nearly 50% com-
pared to wild-type (WT) P (15).

Still, the N-NTD:P-CTD interaction is rather weak. This is
nevertheless compatible with the function of P, which must
open the RNP structure for the L protein to access the viral
RNA (44). A loose association between P and the RNP allows

TABLE 3 Polar contacts of halogen atomsa

a Relevant polar contacts within 4 Å of halogen atoms in M76, M81, and M72 complexes. The bond geometry was
defined following Auffinger et al. (33).
b Values are provided for the two independent N-NTD domains present in each crystal asymmetric unit (chain A/
chain B).
c M72 has the lowest affinity for N-NTD, and it was observed only in the chain A binding site.

FIG 6 N-NTD surface complementarity for P peptide and BPdC ligands. Shown are enlarged views of the binding of P2 (A), M76 (B), and M72 (C). The N-NTD
van der Waals surface is represented according to the electrostatic potential, with positive (blue) and negative (red) potentials shown. Ligands are displayed as van
der Waals spheres and colored by atom type, with white carbons.
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the polymerase to progress along the RNP. However, based on
the present work, the possibility that neighboring N protomers
in the RNP context may participate in the binding cannot be
excluded (Fig. 9), as reported for VSV (40). This contribution
would not be seen with our reduced model using only the iso-
lated N-NTD. The possibility that the tetrameric form of P may
induce synergy for binding to the RNP also cannot be excluded,
but due to the length and flexibility of the P-CTD, it is tempting
to assume that the binding events on two different N protomers
are independent and that multiple P anchors merely prevent
dissociation of P from the RNP.

The P-CTD binding site in the N-NTD is a druggable pocket.
In the context of the RNP, conserved areas correspond to N-N
lateral contacts, the RNA binding site, and the P-CTD binding
site, respectively. The P-binding site is located on the ridge
formed by the bulky N-NTD domain projecting away from the
RNP helix (Fig. 9). It is easily accessible between two N
protomers and two consecutive turns of the RNP. This region
of N was rated as the most divergent in the three-dimensional
structures of N in the Mononegavirales but is conserved within
the Pneumovirinae (16) and thus provides an ideal target for an-
tiviral drugs.

Here, we present a chemical series with a common BPdC
scaffold, identified on the basis of structural determinants de-
rived from the N-NTD:P2 complex. We show that the P-bind-
ing pocket on the N-NTD can indeed be targeted by small
compounds. BPdCs are able to replace P-F241 in the hydro-
phobic pocket and to establish similar electrostatic interactions
at the entrance of the pocket. Furthermore, they display spe-
cific interactions driven by halogen atoms on the benzyl moi-
ety, with no equivalents in P, which allow them to improve
their N-NTD binding properties and inhibitory potential for
the P-CTD. While the cavity in the N-NTD appears to be rather
rigid, its entrance and more remote regions, like the �I2-�1
loop and the �-hairpin, can be partly remodeled by the BPdC

ligands (Fig. 7). This is an advantage for drug development and
reinforces the hypothesis of a binding model with a dual mode.

Negatively charged M76 does not spontaneously cross the cell
membrane, and to gain an antiviral response with M76, a prodrug
strategy was necessary. M76-diAM displayed anti-RSV activity
(Fig. 8A), and the control with VSV (Fig. 8B) showed that it spe-
cifically targets the RSV RNP:P recognition mechanism. However,
it afforded only a very narrow therapeutic window, showing that
M76, together with the prodrug strategy, needs to be improved.
Taken together, the data presented here provide a preliminary
assessment for the design of potent RSV antivirals based on the
N-NTD:P-CTD interaction.
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